We have investigated the interaction of the kappa immunoglobulin light chain intron and 3' enhancers with two different kappa promoters at distinct stages of B-cell development. We find that transiently transfected reporter gene constructs driven by either the kappa V-region promoter, or the kappa germline promoter, are controlled by the known enhancers of the locus in a developmentally regulated fashion. We have, however, observed differences in promoter activation by each enhancer. Moreover, constructs controlled by a combination of both enhancers are synergistically activated at the B-cell and plasma cell stages as compared with constructs containing either enhancer alone. This synergy is not observed early in development, at the pre-B cell stage. The pattern of enhancer and promoter interactions is discussed in the context of the known developmental regulation of the locus.
INTRODUCTION
The expression of the kappa light chain gene follows a complex pattern in B-cell development: from low level expression of the germline locus in induced pre-B cells, to high level expression of the rearranged gene in antibody secreting plasma cells (1) . The control of transcription appears to assure the appropriate tissue specificity and developmental timing of expression of the kappa immunoglobulin light chain gene (1, 2) . Not only is the transcriptional control important for regulating levels of expression, but increasing evidence suggests transcriptional activation of the germline promoter may contribute to the regulation of V and J gene segment recombination required to create a functional kappa gene (1, 4) . It now appears that regulation is mediated by multiple promoters and enhancer elements which exist in the kappa locus. The interactions and developmental control of these elements are not yet fully understood.
Kappa V-region promoters have been defined to contain the octamer binding sequence, ATGCAAAT, in the reverse orientation from a VH promoter, and a TATA sequence (5, 6) . Germline transcription of the kappa locus initiates upstream of the J-region, at early B-cell stages, in both mouse (7) and human (8) . The 5' germline transcriptional initiation site resembles a V-region promoter in that it contains an octamer sequence approximately 36 bases upstream of the initiation site (7, and B.V.N. unpublished results). However, in both mouse and human, this germline promoter differs from a V-region promoter in at least three ways: the germline promoter appears to lack a TATA sequence, its octamer is in the reverse orientation from kappa V-region promoters (in the same orientation as in VH promoters), and its octamer sequence contains a C to T transition at position 4 (9) . The affect these changes may have on the function of the germline promoter, and the cis-elements which contribute to the control of transcription from this promoter have not been assessed.
Two enhancers have been identified in the kappa locus which have been shown to control transcription from rearranged Vregion promoters (10, 11, 12) . These enhancers are found in the J-Cx intron (here referred to as IM), and 3' of Cx (x3'E). Each of these enhancers appears to be independently regulated by different transcription factors (11) . Recently, it was reported that the two enhancers are capable of synergizing in transfected plasmacytoma cells (13) . The developmental pattern of the interaction of these enhancers, and their activity with different promoters of die kappa locus through development remains to be established.
We sought to determine the contribution made by each enhancer to transcription at different stages of B-cell development in the context of physiologically relevant promoters. We were also interested in the interaction of the two kappa enhancers at different B-cell stages. Finally, we were interested in determining what functional differences may exist between the germline and kappa V-region promoters. We performed transient transfections with luciferase reporter gene vectors driven by either a V-region promoter or the germline promoter. Our test constructs included either the intron enhancer, the 3' enhancer, or both enhancers together. Transfections of mouse B-cell lines representative of different stages of development were performed to elucidate the developmental aspects of kappa transcription. Our results show a pattern of promoter and enhancer dependent interactions that change during B cell development.
METHODS

Cell lines
The pre-B cell lines 1-8 and 3-1, the non-secreting B-cell lymphoma line A20, and the plasmacytoma cell line S194 have been characterized and referenced previously (14, 15) . The cell lines A20 and SI94 were obtained from the American Type Culture Collection. Cells were maintained in RPMI1640, 10% FCS, 25 U/ml penicillin, 25 /tg/ml streptomycin, 2 raM LGlutamine. 50 ixM. /3-mercaptoetnanol was added to pre-B cell cultures.
Vector construction
A schematic representation of each construct is shown in Figure 1 . The Vx21E and x3'E sequences were kindly provided by M.Atchison (University of Pennsylvania). The Vx21E promoter is a 270 bp Xma I fragment, cut out of K3'E.Kp.CAT, and re-cloned into pBSIIKS + , from Stratagene (La Jolla, CA), to make pBS.KP. The germline promoter is a 124 bp PCR fragment amplified from pRI (7), and extending from -76 to + 48 relative to the initiation site. The GP(OCT) mutation was generated by PCR mediated site directed mutagenesis to make the single base pair change (T to C) in position 4 of the octamer site. The intron enhancer fragment, identified as IM, is an 895 bp PCR product encompassing the intron enhancer and adjacent matrix associated region (16) , and was amplified from the pSpECK genomic subclone that was previously described (17 (Promega) were added to 20 /il of the lysate and was counted for 15 seconds in a Lumat 9501 luminometer (EG & G Berthold).
/3-galactosidase assay /3-galactosidase assays were performed using the Galacto-light kit from Tropix (Bedford, MA). In micro-titer plates, 5 /d of the lysate were incubated with 200 /il of the AMPGD reagent (Tropix) for 60 min at room temperature in the dark. 100 /tl of the Emerald Accelerator reagent (Tropix) were injected immediately prior to measurement in the luminometer.
RESULTS
In this study we have determined the transcriptional activity of reporter constructs containing either a kappa V-region promoter or the germline promoter in combination with the intron enhancer, 3' enhancer, or both, by transient transfection assays in mouse B-cell lines representing distinct stages of development. In our test constructs, either the Vx21E promoter, or the kappa germline promoter, was used to drive the expression of the firefly luciferase gene. Another set of reporter gene vectors, identified as GP(OCT).LUC and derivatives, was engineered by PCR to contain a single base substitution in the germline promoter to reconstitute the octamer consensus sequence. Derivative vectors were made by inserting either the x intron enhancer, (e.g. IM.KP.LUC), the x 3' enhancer, (e.g. K3'E.KP.LUC), or both (e.g. K3'E.IM.KP.LUC), as shown in Figure 1 . Luciferase activity was measured in extracts of transfected cells. The transfections were performed in triplicate, using multiple plasmid preparations, and the data were controlled for transfection efficiency by co-transfection with the /3-galactosidase expression vector, pCHHO.
The kappa intron enhancer is solely responsible for LPS induced transcription in the pre-B cell stage. Cell lines representative of the pre-B cell stage are known to be transcriptionally silent in the absence of mitogenic stimulation, such as LPS (20) . Transfections in the pre-B cell lines 1-8, and 3-1 demonstrate that the kappa V-region and germline promoters show no significant LPS inducibility by themselves (Figs. 2A,  2B, 3A) . Similarly, germline promoter and V-region promoter constructs to which only the 3' enhancer has been added, are not LPS inducible in these cell lines. This is in contrast to the results of Meyer et al. (10), and Pongubala et al. (11), who noted some LPS inducibility of the x3'E in the context of heterologous promoters. However, we have also observed minimal inducibility of the 3' enhancer with TK promoters (data not shown).
We find that only constructs containing the intron enhancer are LPS inducible in pre-B cells (Figs. 2A, 2B and 3A). As expected, the intron enhancer was able to activate the germline promoter in induced pre-B cells, but in direct comparisons of the IM.KP.LUC and IM.GP.LUC constructs, the V-region promoter construct yields 2-5 fold higher luciferase activity (see below). These findings demonstrate mat the intron enhancer is activated in earlier stages of B-cell development than the x3'E enhancer, and thus is solely responsible for early activation of the germline promoter. Park and coworkers have defined negative regulatory regions within the x3'E enhancer which reduce activity of the full 808 bp enhancer to 10% of the 132 bp core (21) . We were interested to see whether this negative region could have a repressive effect on the intron enhancer. A comparison of the intron enhancer containing construct, IM.KP.LUC, with the dual enhancer construct, K3'E.IM.KP.LUC, reveals equivalent levels of activity ( Figs. 2A and 2B) . The observation that the dual enhancer vector, K3'E.IM.KP.LUC, shows activity which appears to be solely determined by the intron enhancer indicates that the x3'E is neither activating nor repressing transcription from a V-region promoter at early developmental stages. In the context of the germline promoter, however, we find a reproducible suppressive effect with the 3' enhancer (Fig. 3A) . This raises the interesting possibility that the negative acting factors which bind to the x3'E display a promoter preference.
The kappa 3' enhancer is weakly active at the non-secreting B-cell stage, but interacts synergistically with the intron enhancer Transfections of the non-secreting B-cell lymphoma line A20 were performed with the same reporter gene constructs (Figs. 2C and 3B). Greater luciferase activity, above that of either promoter alone, was observed in both the intron and 3' enhancer containing constructs. This indicates that both enhancers are capable of activating either the germline or V-region promoter at the B-cell stage. Interestingly, in the context of either the Vregion promoter or the germline promoter, the x3'E enhancer appears to be less strongly activating in this cell line than the intron enhancer.
Notably, we find a synergistic activation by the two enhancers occurs in A20 cells (Fig 2C) . This is the first observation of synergistic activation by the two enhancers in a cell line other than SI94 (13) , and at a stage considerably earlier in development. The synergy is observed in the dual enhancer vector despite the relatively weak activation by the 3' enhancer alone. This suggests the intriguing possibility that the enhancer may not have to be fully active, by itself, in order to participate in the synergistic interaction that can up regulate kappa expression.
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Luminescence 30000 Figure 4 . Comparison of the V region and germline promoters driven by the kappa enhancers. Transient transfections of the myeloma line S194, using luciferase reporter gene and the kappa 3' and intron enhancers with either the kappa germline promoter, the Vx21E promoter, or the HSV-TK promoter. Transfection efficiency was normalized by b-galactosidase expression vector, pCHHO, and dividing luciferase activity by |3-galactosidase activity. The ratio is labelled luminescence, and is plotted in arbitrary units. Error bars represent the standard error of the mean.
Kappa intron and 3' enhancers are equally active in the plasma cell stage, and synergize
Transfections of the plasma cell line, S194, demonstrate that the intron and 3' enhancers are both active at this stage of development ( Fig. 2D and 3C ). In contrast to previous reports that the x3'E may be 5 to 7 times stronger than the intron enhancer in plasma cells (11), we find that the transcriptional activation by each of the enhancers is quite comparable in the context of either the Vx21E promoter or the germline promoter. There are apparently differences in promoter strength, however, as it appears that the levels of activity are consistently about 2-5 times greater from the V-region promoter compared to the germline promoter constructs (Fig. 4 , and data not shown). Nevertheless, we conclude that the intron and 3' enhancers are B-Cell Line A20 Transfections of the K3'E.IM.KP.LUC construct were also performed in the plasma cell line, S194 (Fig. 2D) . Synergistic activation by the two enhancers was observed in this cell line as well. This result is consistent with that of Blasquez, et al. who observed synergy in stable transfections of rearranged genomic constructs in this cell line (10) . In contrast, we find only an approximately additive activation by the construct in which both enhancers drive the germline promoter, K3'E.FM.GP.LUC (Fig. 3C) . Thus, the germline promoter is consistently weaker than the V-region promoter in driving equivalent enhancer constructs, and does not support synergistic activities. This result raised the possibility that the synergistic activity may be dependent on the V-region promoter. We tested this by constructing an additional set of kappa enhancer vectors driving the HSV-TK(-109) promoter. The K3'E.IM.TK.LUC vector also displayed synergistic activity, approximately 10 times higher than M.TK.LUC or K3-E.TK.LUC (Data not shown) . Surprisingly, K3'E.IM.TK.LUC was even stronger than the K3'E.IM.KP. LUC vector (Fig. 4) . Thus, although the synergistic activation by the two kappa enhancers is not confined to V-region promoters, it is not apparent with the kappa germline promoter.
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Mutation of the non-consensus octamer motif in the germline promoter to a perfect octamer site suppresses promoter activity in pre-B cells Throughout the analysis of the enhancer activity we noted a consistent difference between the germline promoter and V-region promoter in their ability to respond to enhancer activation. We have noted that the affinity of Oct-1 and Oct-2 factor binding to the germline non-consensus octamer sequence is about 5-fold lower than to the consensus octamer (data not shown). To address the possibility that the functional differences might be the result of the weaker binding of octamer factors to the variant octamer sequence (8, 22, 5) , we restored the consensus octamer sequence, ATGCAAAT, in a separate series of germline promoter vectors. These vectors, GP(OCT).LUC and derivatives (see Fig. 1 ), were compared with the wild type germline promoter and V region promoter in transfections of pre-B cells and B-cells (Fig. 5) . Surprisingly, the restoration of the octamer motif in the germline promoter actually reduced LPS induced activity of all constructs in pre-B cells (Fig. 5A, and data not shown) . In the B-cell stage, however, the conversion caused an increase in the activity of the promoter in all enhancer combinations (Fig. 5B) . This data indicates that a developmental switch may occur between the pre-B cell stage and the B-cell stage in which the increased binding of octamer factors changes from being detrimental to beneficial for transcriptional activity of the germline promoter (See Discussion). We conclude that the differences in regulation between the germline promoter and a V-region promoter are not limited simply to the affinity of octamer factor binding.
DISCUSSION
In this study we have constructed a variety of promoter and enhancer containing vectors to examine the developmental regulation of the kappa locus. Our data is summarized in Table  I . While our constructs reposition the regulatory regions relative to the germline organization, our results are entirely consistent with observations of Blasquez, et al. (13), who maintained germline organization of the regulatory regions. We have, however, considerably expanded the study to include relevant promoter comparisons and an analysis at various stages of B cell development.
The kappa intron enhancer was previously shown to exhibit differential activity with a kappa V-region promoter as compared to an HSV-TK promoter (23, 24) . It seemed possible that such promoter differences might also be observed with the kappa 3' enhancer. In view of this possibility, and the fact that previous functional studies of these enhancers in development have paired them with heterologous promoters, it was of interest to examine the developmental activities of the two kappa enhancers in the context of the natural promoters of the locus.
In the context of either kappa promoter, we find that the intron enhancer becomes active upon LPS induction of pre-B cells, while the 3' enhancer does not. We observed that the 3' enhancer is neutral toward the V-region promoter in pre-B cells; however, in parallel experiments in which the 3' enhancer is paired with the kappa germline promoter, we consistently observed some negative regulation. This negative effect was not eliminated by the restoration of the octamer site in the germline promoter. In this regard, it is interesting to note that reports have implicated the 3' enhancer in a role of preventing precocious rearrangement of the kappa locus (25, 26) . The exact function of kappa germline transcription is not known, but a growing body of evidence associates transcriptional activation of germline segments with subsequent recombination: including kappa light chain VJ recombination (3, 4) , heavy chain V(D)J recombination (27, 28) , as well as switch recombination (29, 30) . In the context of our data, it is conceivable that the 3' enhancer may act to delay rearrangement of the kappa locus by a negative effect on germline transcription in early B-cell development.
Our developmental survey also included the cell line A20 which is representative of a non-secreting B-cell. In this cell line the intron enhancer appears to be a slightly stronger activator than the 3' enhancer. This was observed in the context of both the germline and the V-region promoter. Synergistic interaction was observed with the intron and 3' enhancers in this cell line. This was somewhat surprising given that the x3'E appeared to be only weakly active by itself at this stage. This result suggests the interesting possibility that synergy does not require the full activity of both enhancer elements. Such an effect is not without precedence, as the DE-2 region 5' of the POMC gene is inactive by itself, but synergizes with other elements of the promoter (31) . Further study will be required to identify the minimal requirements for synergism between the two kappa enhancers. However, in preliminary studies we have observed that synergy requires NF-xB and synergy is inhibitable by overexpression of Id (32, R.F., unpublished results).
Previous reports suggested that the 3' enhancer was a much stronger activator than the intron enhancer in plasma cell lines (10, 11) , which seemed to account for the up-regulation of kappa expression in later developmental stages. There was even speculation that the intron enhancer would be dispensable in the plasma cell stage (33) . However, our results, as well as examination of the data presented by Blasquez, et al. (13) , show that the two enhancers are of comparable strength in plasma cells, when paired with a kappa promoter. Together with the results of Blasquez, et al., our results strongly suggest that the upregulation of kappa transcription in later B-cell stages may be due to the significant synergistic interaction of the intron enhancer and the x3'E.
We note that synergism is observed in the context of a V-region promoter as well as a HSV-TK promoter, but is not very pronounced in the germline promoter constructs. This may account for the observed 3-6 fold higher rate of transcription observed in rearranged vs. unrearranged alleles in plasmacytomas (7) . In fact, the direct comparison, shown in Figure 4 , is entirely consistent with the 4-fold difference in transcriptional rate observed between a Vx21E promoter and the germline promoter (7) .
In an attempt to reconstitute the higher levels of activity found in the V-region promoter, we restored the octamer binding site in the germline promoter to the consensus sequence. The hypothesis to be tested in this experiment was that the consensus octamer site would provide higher affinity interaction with the octamer binding factors, and thus would increase transcription. This mutation did cause increased expression in A20 cells, though not quite to the level of a V-region promoter (Fig. 5B) . Interestingly, the restored octamer sequence had a negative effect on germline promoter function in induced 3-1 cells (Fig. 5A) . Similarly, an octamer motif placed upstream of an artificial cFos promoter mediated a negative effect upon LPS stimulation in stable and transient transfections of pre-B cells (34) .
Oct-2 binding to the germline promoter octamer site appears to be LPS inducible in EMS A analysis of 3-1 cells (9), but its functional role at this stage is not known (35) . A negative regulatory function has been reported to be mediated by the octamer motif (34, 36, 37, 38) . It has also been suggested that the ubiquitous Oct-1, perhaps with a B-cell specific coactivator, is more important for activation of immunoglobulin promoters than Oct-2 (35) . Moreover, recent observations in Oct-2 knockout mice, indicate that B-lymphocytes progress normally through the pre-B cell stage, and rearrange their light chain loci (39) . Significantly, these mice have an inability to activate high level immunoglobulin expression and there is a block in development at the B-cell stage. Taken together, these observations suggest a model in which the germline promoter is activated by a factor other than Oct-2 in the pre-B cell stage, and that increased affinity for Oct-2 binding is actually deleterious for transcriptional activity. At a later stage, however, increased affinity for Oct-2 may become beneficial for promoter activation. Further studies will be required to determine whether this developmental switch is the result of a post-translational modification of Oct-2, or the loss of another activating factor which competes for binding to the octamer motif.
